sphere of radius r cE , P 3b = 3/4 (r 3b /r cE ) 2 ≈ 0.02, or 6 to 8% for three or four merger events. In our sample of cluster and group cE galaxies, we indeed see numerous examples in which a cE resides only 20 to 80 kpc in projection from an ongoing major merger scene or several other massive cluster members are visible in the cE vicinity apart from the massive central cluster/group galaxy. Also, there is a known example of a globular cluster in the Virgo cluster (31) that was likely ejected at the speed of 2500 km/s and became gravitationally unbound to the cluster and its central galaxy, Messier 87.
We conclude that the tidal stripping process can explain all observational manifestations of compact elliptical galaxies, including the formation of isolated cEs whose existence was suggested as a strong counter-argument for tidal stripping (9) . The ejection of cEs from central regions of galaxy clusters by three-body encounters is a channel for these galaxies to survive for an extended period of time in the violent cluster environment, where they would otherwise be accreted by massive hosts on a time scale of 2 billion to 3 billion years. The 11 isolated cEs probably represent a population of runaway galaxies that received sufficient kick velocities to leave their host clusters or groups forever.
The gravitational ejection mechanism may also explain the very existance of extremely rare isolated quiescent dwarf galaxies (32) , where the star formation quenching is usually explained by environmental effects. These systems are more spatially extended than cEs and do not exhibit substantial tidal stripping footprints. This suggests that they never came very close to cluster/group centers, and therefore, the three-body encounter probability for them should be lower than that for cEs, although still nonnegligible. 
*
Rising global demand for fossil resources has prompted a renewed interest in catalyst technologies that increase the efficiency of conversion of hydrocarbons from petroleum and natural gas to higher-value materials. Styrene is currently produced from benzene and ethylene through the intermediacy of ethylbenzene, which must be dehydrogenated in a separate step.The direct oxidative conversion of benzene and ethylene to styrene could provide a more efficient route, but achieving high selectivity and yield for this reaction has been challenging. Here, we report that the Rh catalyst ( V inyl arenes are important precursors for fine chemical synthesis, as well as for the preparation of plastics and elastomers (1) (2) (3) (4) (5) . For example, styrene is produced globally on a scale of~18.5 million tons (2) . Current methods for the large-scale production of vinyl arenes involve multiple steps, typically beginning with arene alkylation using a FriedelCrafts (e.g., AlCl 3 with HF) or zeolite catalyst followed by energy-intensive dehydrogenation of the alkyl group ( Fig. 1) (1-6) . Friedel-Crafts catalysis suffers from the use of harsh acids, including HF, low selectivity for the monoalkylated product (polyalkylation is inherent to the mechanism), and the generation of stoichiometric waste (2) . Zeolite catalysts have improved the process for benzene alkylation, yet these catalysts still require high temperatures (generally 350°to 450°C) and give polyalkylated products (2, (7) (8) (9) (10) .
An alternative method for the production of vinyl arenes is a direct and single-step oxidative arene vinylation (Fig. 1) . If the terminal oxidant is oxygen from air (either introduced in situ or used to recycle a different in situ oxidant), the net reaction is the conversion of benzene, ethylene, and oxidant to styrene and water (11 C-H activation followed by ethylene insertion into a metal-phenyl bond have been reported as alternatives to acid-based catalysts ( Fig. 2) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . For these catalysts, b-hydride elimination from a M-CH 2 CH 2 Ph intermediate and dissociation of styrene provides a route for the direct oxidative vinylation of benzene (Fig. 2) .
Previously, our groups have studied the use of platinum(II) catalysts for the hydrophenylation of ethylene to produce ethylbenzene (16) (17) (18) (19) (26) (27) (28) . Through a combination of experimental and computational mechanistic studies, we discerned a competing b-hydride elimination pathway from Pt-CH 2 CH 2 Ph intermediates to form a Pt-styrene hydride complex, which can lead to the formation of free styrene (28) . Unfortunately, the formation of styrene leads to catalyst decomposition (27) . We proposed that this catalyst decomposition is the result of unstable Pt(II)-hydride complexes, which are formed from b-hydride elimination, that react to release H 2 and produce metallic Pt. The thermodynamic driving force for the formation of Pt(s) presents a substantial challenge to achieving long-lived vinyl arene production with these catalysts (Fig. 2, inset) (11) . Given that the formation and decomposition of Pt(II)-H species is problematic, we sought to design catalysts using isoelectronic Rh(I) in anticipation that Rh(I)-H would exhibit greater stability compared with related Pt species (Fig. 2, inset) (11) . Figure 2 shows a targeted catalytic cycle for the direct oxidative vinylation of benzene to produce styrene. Despite precedent for the key steps in this catalytic cycle, designing a selective catalyst represents a substantial challenge because many competing side reactions (shown in red) are likely to have activation barriers that are similar to or lower than those of the reactions along the desired catalytic cycle. In addition to these possible side reactions, designing a molecular catalyst that achieves high turnover numbers (TONs) is difficult because the oxidative conditions and the presence of potentially reactive metal-hydride intermediates could be anticipated to result in catalyst decomposition. Table 1 compares previously reported homogeneous catalysts for direct oxidative styrene synthesis from ethylene and benzene (29) (30) (31) (32) (33) (34) . Generally, all suffer from one or more of the following drawbacks: low selectivity, low yield, low TON, and/or use of oxidants that cannot be regenerated using oxygen. Notable results include the work of Hong and co-workers, who reported a Rh 4 (CO) 12 catalyst that gave, to our knowledge, the highest TON of styrene (472). In tandem with this process, liberated dihydrogen is consumed by two equivalents of ethylene and one equivalent of CO to produce 3-pentanone with 809 turnovers (TOs) (29) . Sanford and co-workers reported that (3,5-dichloropyridyl)Pd(OAc) 2 catalyzes styrene production with 100% selectivity and 6.6 TOs for styrene (33% overall yield) using PhCO 3 t Bu, an oxidant that cannot be recycled with oxygen (33) . Here, we report a rhodium catalyst for the selective one-step production of styrene from benzene, ethylene, and Cu(II) salts. We chose a Cu(II) salt as the in situ oxidant because of industrial precedent for recycling reduced Cu(I) using oxygen. In the commercial Wacker-Hoechst process for 422 24 APRIL 2015 • VOL 348 ISSUE 6233 sciencemag.org SCIENCE Fig. 1 . Comparison of the current route to styrene production and the single-step route described herein. Fig. 2 . Proposed cycle for transition metal-catalyzed styrene production from benzene and ethylene using CuX 2 as an oxidant. The cuprous (CuX) product could be recycled back to the cupric state using air, as shown at the upper left. Potential side reactions that a selective catalyst must avoid are shown in red.
ethylene oxidation (35, 36) , use of oxygen to reoxidize Cu(I) to Cu(II) has proven viable both in situ and in a second step (37 (38) . Given that arene C-H activation is a key step in transition metalcatalyzed oxidative arene vinylation, we hypothesized that this Rh(I) complex might be an effective catalyst precursor for styrene production. Because the COE ligand would likely exchange for ethylene, the ethylene analog ( Fl DAB)Rh(TFA)(h 2 -C 2 H 4 ) (1) was independently synthesized as our catalyst precursor (Fig. 3) .
Heating a 20-mL benzene solution of 1 [0.001 mole percent (mol %) relative to benzene] with ethylene and Cu(OAc) 2 (120 equivalents relative to 1) to 150°C affords 58 to 62 TOs of styrene after 24 hours (for all TOs reported, two runs were performed, and both results are given). Samples of the reaction mixture were analyzed by gas chromatography-flame ionization detector (GC/ FID) using relative peak areas versus an internal standard (decane). This corresponds to quantitative yield based on the Cu(II) limiting reagent. The calculated yield here assumes that two equivalents of Cu(II) are consumed to produce two equivalents of Cu(I) per equivalent of styrene. No other products were observed upon analysis of the reaction mixture by GC-mass spectrometry or GC/FID, indicating high selectivity for styrene production. Detection limits for the instruments were equivalent to~1 TO of product. Specifically, we looked for evidence of stilbene, biphenyl, and vinyl acetate production, because these are the most commonly observed by-products in previously reported catalysis ( To study catalyst longevity, we varied the amount of Cu(OAc) 2 . Between 60 and 240 equivalents (relative to 1), the yield of styrene relative to oxidant was always >95% (fig. S3) . These nearquantitative yields demonstrate that the catalytic process using 1 as a precursor is stable and longlived. For a reaction using 0.0001 mol % 1 and 2400 equivalents of Cu(OAc) 2 , the catalyst remained active over a period of 96 hours and afforded a TON of 817 to 852. A plot of TO versus time shows that the Rh catalyst is stable through at least 96 hours ( fig. S1 ). The tolerance of 1 to a large excess of oxidant without any decrease in activity is promising. The effect of temperature on catalysis was also examined ( fig. S4) . Generally, the rate of reaction increased with temperature; however, at 180°C, rapid catalyst deactivation led to a low TON (<10 TOs) after 12 hours. Minimal activity (<1 TO) was also observed at temperatures <100°C. The optimal temperature proved to be 150°C.
We also observed that the reaction rate increased with increasing ethylene pressure. To determine the TOF, we measured TO after 4 hours of reaction. Figure 4 shows a plot of TOF versus ethylene pressure. A linear correlation is observed. Thus, the reaction rate appears to have a firstorder dependence on ethylene concentration. This is in contrast to previously reported Pt(II) and Ru(II) catalysts for the hydrophenylation of ethylene, which show an inverse dependence on ethylene pressure (14, 17) . For the Pt and Ru catalysts, M(CH 2 CH 2 Ph)(h 2 -C 2 H 4 ) complexes were identified as the likely catalyst resting states. The opposite dependence on ethylene pressure using 1 as catalyst precursor signals a likely change in the catalyst resting state.
To gain further insight into the reaction mechanism, we ran the reaction in a 1:1 molar mixture of C 6 H 6 and C 6 D 6 . After 1 hour, a k H /k D (ratio of rate of reaction of protio-benzene and perdeuterobenzene) of 3.1(2) was determined by examining the ratio of undeuterated styrene [mass/ charge ratio (m/z) = 104] to styrene-d 5 (m/z = 109) in the mass spectra from three independent experiments ( fig. S5 ). After 2 hours, the observed isotope effect was 3.0(2), statistically equivalent to the data at 1 hour ( fig. S5) . Thus, the observed k H /k D of~3.1 likely reflects a kinetic isotope effect (KIE) for the catalytic cycle. The KIE is consistent with other transition metal-mediated C-H activation reactions. (39, 40) The primary KIE supports the hypothesis that a Rh catalyst is facilitating a metal-mediated C-H activation process, which occurs before or during the turnoverlimiting step. No change in the isotopic distribution for benzene was observed over the course of the reaction, and no styrene-d 6-8 products were observed except those predicted by the natural abundance of deuterium in ethylene.
Although more detailed studies are required to understand the reactivity profile of 1, we believe that the highly electron-withdrawing perfluorophenyl groups on the Fl DAB ligand help suppress irreversible oxidation to inactive Rh(III) in the presence of Cu(II), possibly facilitate associative ligand exchange between free ethylene and coordinated styrene, and facilitate rapid ethylene insertion into Rh-Ph bonds. Challenges that remain for the continued development of this class of catalyst include increasing activity with the aim of achieving higher conversions of benzene. 1 
Self-assembly of rigid building blocks with explicit shape and symmetry is substantially influenced by the geometric factors and remains largely unexplored. We report the selective assembly behaviors of a class of precisely defined, nanosized giant tetrahedra constructed by placing different polyhedral oligomeric silsesquioxane (POSS) molecular nanoparticles at the vertices of a rigid tetrahedral framework. Designed symmetry breaking of these giant tetrahedra introduces precise positional interactions and results in diverse selectively assembled, highly ordered supramolecular lattices including a Frank-Kasper A15 phase, which resembles the essential structural features of certain metal alloys but at a larger length scale. These results demonstrate the power of persistent molecular geometry with balanced enthalpy and entropy in creating thermodynamically stable supramolecular lattices with properties distinct from those of other self-assembling soft materials.
S elf-assembled hierarchical structures in soft materials have been intensely studied. Among them, assemblies of building blocks with specific geometric shapes and symmetry are of particular interest. As the simplest case, ordered structures constructed from packing of spherical motifs have been a classic yet dynamic research field that can be traced back to the study of metals and metal alloys. Most metal atoms, viewed as congruent spheres, typically tend
